Monitoring cambial phenology and intra-annual growth dynamics is a useful approach for characterizing the tree growth response to climate change. However, there have been few reports concerning intra-annual wood formation in lowland temperate forests with high time resolution, especially for the comparison between deciduous and coniferous species. The main objective of this study was to determine how the timing, duration and rate of radial growth change between species as related to leaf phenology and the dynamics of non-structural carbohydrates (NSC) under the same climatic conditions. We studied two deciduous species, Fagus sylvatica L. and Quercus petraea (Matt.) Liebl., and an evergreen conifer, Pinus sylvestris L. During the 2009 growing season, we weekly monitored (i) the stem radial increment using dendrometers, (ii) the xylem growth using microcoring and (iii) the leaf phenology from direct observations of the tree crowns. The NSC content was also measured in the eight last rings of the stem cores in April, June and August 2009. The leaf phenology, NSC storage and intraannual growth were clearly different between species, highlighting their contrasting carbon allocation. Beech growth began just after budburst, with a maximal growth rate when the leaves were mature and variations in the NSC content were low. Thus, beech radial growth seemed highly dependent on leaf photosynthesis. For oak, earlywood quickly developed before budburst, which probably led to the starch decrease quantified in the stem from April to June. For pine, growth began before the needles unfolding and the lack of NSC decrease during the growing season suggested that the substrates for radial growth were new assimilates of the needles from the previous year. Only for oak, the pattern determined from the intraannual growth measured using microcoring differed from the pattern determined from dendrometer data. For all species, the ring width was significantly influenced by growth duration and not by growth rate, which differs from previous studies. The observed between-species difference at the intra-annual scale is key information for anticipating suitability of future species in temperate forests.
Introduction
Global warming and increases in the frequency and severity of extreme droughts, hot extremes and heat waves (Christensen et al. 2007 ) change plant phenology (reviewed by Cleland et al. 2007 ) and lead to decreases in forest productivity (Ciais et al. 2005 , Loustau et al. 2005 , Granier et al. 2007 ) and tree radial growth (e.g., Orwig and Abrams 1997 , Charru et al. 2010 , Lebourgeois et al. 2010 , Michelot et al. 2012 . High-resolution observations of the cambial phenology and intra-annual growth dynamics are useful approaches for understanding the tree growth response to climate change. New photoassimilates transported in phloem sap are substrates used for radial growth increment. Leaf phenology (i.e., budburst, leaf development and yellowing) could thus influence intra-annual wood formation, underlining the interest in studying these traits in parallel, like in several studies for deciduous species (e.g., Suzuki et al. 1996 , Bréda and Granier 1996 , Cufar et al. 2008 , Sass-Klaassen et al. 2011 and in fewer studies for conifers (see Rossi et al. 2009 ). The time lags between leaf and growth phenologies change according to species, leading to differences in carbon allocation. In deciduous species, budburst generally occurs following the radial growth for ring-porous species, whereas for diffuse-porous species, radial growth is initiated after budburst (e.g., Suzuki et al. 1996) .
Non-structural carbohydrates (NSC) are also considered to be a part of growth substrates. NSC are mainly starch for deciduous species and lipids for coniferous species (see Hoch et al. 2003) . The seasonal variations in the lipid pools are low according to the results of Fischer and Höll (1992) and Hoch et al. (2003) . NSC are stored in all organs (i.e., leaf, branch, root and stem) at different concentrations (Barbaroux et al. 2003) , which could vary during the growing season according to their use or storage (Fischer and Höll 1992 , Barbaroux and Bréda 2002 , Hoch et al. 2003 . The NSC content and intraannual growth could be linked, as recently demonstrated by Deslauriers et al. (2009) for Populus.
During one growing season, the timing, duration and rate of radial growth could differ among species under the same climatic conditions (Rossi et al. 2006b , Rathgeber et al. 2011a . Recent studies showed that the rate of wood growth (Cuny et al. 2012 , Rathgeber et al. 2011b ) and the timing of growth onset (Lupi et al. 2010 ) significantly influenced the ring width. Abiotic and biotic factors impacted radial growth increments. With respect to abiotic factors, temperature increases induced cambial reactivation for both deciduous (Begum et al. 2007 ) and coniferous species (Oribe et al. 2001 , Rossi et al. 2007 , Begum et al. 2010 . The maximum growth rate of conifers was either synchronized with the warmest temperatures (e.g., Makinen et al. 2003) or with the maximum day length (Rossi et al. 2006c ). This seasonal growth plasticity was also observed in response to biotic factors, such as competition (Linares et al. 2009 ), tree size and social status (Rathgeber et al. 2011b) or tree vigour (Gricar et al. 2009 ). Other factors, such as tree age (reviewed in Ryan et al. 1997) or available water capacity (Lebourgeois et al. 2005 , Charru et al. 2010 , are known to influence annual radial growth.
Different methodologies were used to assess the intraannual radial increment with high temporal resolution. Band dendrometers have been used to measure the circumference, including the wood, phloem and bark increments of trees (e.g., Häsler 2000, Deslauriers et al. 2003b) . Repeated stem microcore sampling using specifically designed tools has also been successfully used to determine the intra-annual cambial dynamics (e.g., Forster et al. 2000 , Rossi et al. 2006a . In contrast to band dendrometry, microcoring can measure the growth of wood separately from other tissues in one radial direction. Some studies have compared the radial wood increments obtained from dendrometry and microcoring; these studies were focused on coniferous species in boreal zones (Deslauriers et al. 2003b , Makinen et al. 2008 , Mediterranean ecosystems (Linares et al. 2009 , Camarero et al. 2010 or high-altitude sites in the alpine valley (Zweifel et al. 2006, Oberhuber and Gruber 2010 also on one deciduous species). All the studies highlighted similar patterns of intra-annual growth dynamics with occasional time lags in the beginning of growth. Intra-annual studies of wood formation using microcoring are scarce in lowland temperate forests for both deciduous (e.g., Cufar et al. (2008) for beech, Gricar (2010) for oak and van der Werf et al. (2007) for both species) and coniferous species (Wodzicki 1971 , Rathgeber et al. 2011a ). The comparison of the intra-annual wood formation between deciduous and evergreen species in a lowland temperate forest is lacking.
During the 2009 growing season, we compared the intraannual wood formation, leaf phenology and NSC dynamics of three major species in Europe (Fagus sylvatica L., Quercus petraea (Matt.) Liebl. and Pinus sylvestris L.). These species have contrasting leaf phenology and wood anatomy. The primary objective of this study was to understand how the timing, duration and rate of radial growth differ among species with respect to leaf phenology and NSC dynamics. The general hypothesis is that the association between intra-annual growth, leaf phenology and NSC dynamics is species specific under the same climatic conditions and reveals a contrasting carbon allocation. To limit the influence of external factors in the species comparison, dominant and mature trees with close stand characteristics were selected. Moreover, we tested the hypothesis that dendrometry and microcoring are two methodologies that measure similar patterns of radial increment with time lags at the beginning of growth. Finally, we examined whether the growth rate was more determinant than growth duration for the total ring width, as recently demonstrated for other climate types.
Materials and methods

Study site and tree sampling
This study was conducted in the Fontainebleau forest, a large managed forested area extending over 17,000 ha in the southeast of Paris (48°25N, 2°40E, 120 m a.s.l.). The attenuated oceanic temperate climate was homogeneous over the whole forest, with a mean annual temperature of 10.6 °C and mean precipitation of 750 mm, which was well distributed throughout the year. From 1960 to 2009, the mean maximal temperature from April to August (i.e., the growing season) was 21.1 ± 1.1 °C, and the mean sum of precipitation was 307 ± 83 mm. The soil texture was comprised of Stampian sand mixed with loam and clay at different depths.
Three pure and mature stands (one per species) were selected with a maximal distance of 9 km (Table 1) . These stands were part of a larger dendroecological project (3 stands/species and 15 trees/stand) studying the impact of climatic variations and soil water deficits on tree growth during the period 1960-2007 (Michelot et al. 2012) . Stands with a relatively low available water capacity (AWC) were chosen to limit the influence of this factor on growth. The intra-annual growth of beech, oak and pine was monitored weekly using manual band dendrometry and microcore sampling of five dominant trees per species from April to November 2009. The trees were selected according to their wide ring widths and similar inter-annual growth variations from 1960 to 2007. The age of maturity was different among species and it should be considered in the intra-annual growth comparison, as recently underlined by Cuny et al. (2012) . Pine has optimal growth at younger ages than the deciduous species and its productivity then rapidly decreases to become the lowest of the three species. Pine is a pioneer species, while oak is an intermediate-and beech is a latesuccessional species. Thus, for the species comparison, we selected younger pines than deciduous trees and younger beeches than oaks. For each tree, the final earlywood, latewood and total ring widths were measured to the nearest 1/10 mm using a magnifier (×10, Peak, Japan) on one core (10 mm diameter) sampled in December 2009. As beech is a diffuse-porous species, only the total ring widths were measured for this species. The height and diameter at breast height (DBH) of the 15 sampled trees were measured in March 2009 before installing the dendrometers.
Climatic data and soil water content
The mean, maximal and minimal temperatures and precipitation were recorded daily at the Fontainebleau weather station.
Measurements of the soil water content (SWC) were conducted from 29 April to 16 November 2009 for each stand at intervals of 2 weeks to determine the influence of SWC on intra-annual tree growth. Three soil samples per stand at 40 cm deep were extracted with a soil auger. The augers were situated within a 2-m radius of the stem of three of the five trees studied. The moist soil was weighed and dried after 48 h at 100 °C. The SWC (%) was calculated for each date:
where W m and W d are the weights of the moist and dry soils (g), respectively.
Leaf phenology monitoring
Budburst observations were monitored from 1 April to 25 May 2009 on all trees sampled at 3-7-day intervals. The evolution of the percentage of leaves (or needles for pine) that had just unfolded in the crown was recorded. For each tree, the budburst date was computed when 50% of the leaves (or needles) had unfolded in the crown. This date could be obtained using a linear interpolation from the percentage evolution for each tree. Similarly, for the deciduous species, the colouring evolution was monitored at weekly intervals from 6 October to 16 November 2009.
Dendrometry and wood formation monitoring
The radial increment was measured using manual band dendrometers (DB20, Jiří Kučera, Brno, Czech Republic), which were installed at breast height on the 15 selected trees in early March 2009. To ensure a smooth contact between the band and trunk, the outer bark was slightly brushed off. The dendrometer readings were conducted weekly prior to microcore sampling. The start of the radial increment was determined as the date when the dendrometer data exceeded the previous value. Wood microcores (2 mm in diameter and 15 mm in length) from the stem were collected to monitor the xylem development from 1 April to 16 November at weekly intervals (i.e., 34 weeks). The microcore samples were collected at breast height using a Trephor ® tool (Vitzani, Perarolo
Intra-annual wood formation of three temperate species 1035 di Cadore (BL), Italy), following an ascending spiral pattern with a spacing of 2 cm between each sampling to avoid wound reaction (Deslauriers et al. 2003a , Rossi et al. 2006a ). The 510 samples were placed in a water : ethanol solution (1 : 1 v/v) and stored at 4 °C to avoid tissue deterioration of the cambial zone. Each sample was oriented under a stereomicroscope at a ×10-20 magnification, and the transverse side was marked with a pencil. The microcores were successively cleaned, dehydrated and submerged in immersion baths containing ethanol, d-limonene and paraffin using an automatic tissue processor (STP121; MM France, Francheville, France), according to Rossi et al. (2006a) . The microcores were subsequently embedded in paraffin blocks using an embedding station (EC 350, MM France). The paraffin blocks were thinned with a rotary microtome (HM 355S, MM France) until they reached the microcore plane and immersed in water to facilitate the cutting of microcore sections. Transverse 7-µm-thick sections were generated, placed on glass slides and dried for at least 1 h at 50 °C. The dried sections were successively immersed in d-limonene, ethanol, cresyl violet acetate (0.16% in water) and distilled water. The sections were dried and permanently mounted on glass slides using Histolaque LMR ® (Paris, France).
The thin sections were observed under an optical microscope (Orthoplan, Leitz, Germany) with visible and polarized light at ×125-400 magnification to distinguish cells in the cambial zone and to differentiate xylem cells (Figure 1 ). For each sample, the ring width was measured on three radial files from the first enlarging cell in the xylem (i.e., after the last cambial cell) to the end of the latewood ring of the previous year. The cumulative ring width of each tree was calculated for each date as the mean of the three radial measurements. Cambial cells were characterized by the presence of thin cell walls and small radial diameters.
Cambium phenology
Different phenological phases were determined from observations of the microcores (i.e., the beginning and ending of growth and earlywood-latewood transition for oak and pine). The dates were defined in Julian days as the average of the sampling dates prior to and upon observation of the event. For deciduous species, growth began when the first vessels were formed. For pine, the first enlarging cell indicated the beginning of growth. The cells in radial enlargement were larger than the cambial cells and presented thin pink-violet walls that were not birefringent under polarized light. For pines and three oak trees, growth began prior to the first sampling date (1 April). We therefore extrapolated the initial date of growth using a linear interpolation from the first dataset collected for the cumulative ring width curve.
For the three species, growth was complete when all newly formed cells near the cambial zone began lignification (i.e., no cell is in the enlargement phase). The growth duration was calculated as the difference between the growth end and the growth beginning dates (in Julian days). For oak, the beginning of latewood growth was determined as the date when the first latewood cells were observed. In contrast, for pine the earlywood-latewood transition was difficult to directly observe in the sampled sections. Thus, the final earlywood width and the total number of earlywood cells were determined in two or three sections when the growth was completed (in October-November). From the fitted ring width increment curve (see the next section), we identified the date when the earlywood reached its final width, which corresponded to the date of the earlywoodlatewood transition. We counted the cells of the earlywood in the sections (the earlywood cells were more elongated and had thinner cell walls than latewood cells) to determine the date of the earlywood-latewood transition on the optical microscope.
Fitted functions obtained from the microcore measurements
For each tree, the cumulative ring width of the microcore samples was fitted using a non-linear estimation from a statistical software package (Statistica; Statsoft, Tulsa, OK, USA). This method estimates the value of parameters to minimize the sum of squares (SS). For each fit, we determined the asymptotic t-statistic for the parameters, the residual distribution and the resulting R 2 . The Gompertz function was used to fit the cumulative ring width of the beech and pine trees according to the following formula:
where y is the weekly cumulative ring width (µm); t is the day of the year (Julian day); A is the upper asymptote (µm), fixed according to the observed final ring; β is the placement parameter, where the lower asymptote starts and κ is the rate of change parameter. For all species, the Gompertz function was also used to fit the mean cumulative radial increment measured using dendrometers.
For oak, we used a double sigmoid function to correctly fit the slow growth observed in May. The first part of the sigmoid function represented the cumulative width of the earlywood, and the second part of the function represented that of the latewood, as indicated in the following formula:
where u is the asymptote of the earlywood formation (µm), fixed at the value of the final earlywood width; κ 1 is the rate of change parameter for the earlywood formation; M 1 is the time of maximum growth of the earlywood; κ 2 is the rate of change parameter for latewood formation and M 2 is the time of maximum growth of the latewood. The maximal growth rate (r max ) was obtained from each fitted curve. The fits were calculated using all the microcore data obtained from the beginning of growth to the identified growth end, except for three outlier points for the tree P6 and one for the tree F12 (see Appendices A and B for fit details).
Carbohydrate analysis
One core (5 mm in diameter and 100 mm in length) was extracted from each tree stem at breast height on 22 April (or 21 April for beech), 1 June and 18 August 2009. The cores were stored in a cooler during sampling and subsequently stored at −80 °C until they were freeze-lyophilized. The last eight rings (i.e., 2001-2009) were cut and finely ground in a ball mill (MM200; Retsch, Haan, Germany). The NSC were enzymatically quantified from each wood powder according to Barbaroux and Bréda (2002) . Soluble sugars were extracted twice from 10 to 11 mg of powder using 80% ethanol (1 ml) at 80 °C for 30 min. The extracts were centrifuged at 12,000 g for 10 min and the supernatants were dried for 2 days at 45 °C. The dried extracts were rehydrated in 0.5 ml of 0.02 N NaOH, and the soluble sugar contents (i.e., glucose, fructose and sucrose) were determined colorimetrically at 340 nm (Boehringer 1984) . The pellets were dried for 2 h at 45 °C. They were rehydrated in 1 ml of 0.02 N NaOH at 90 °C for 1 h. The starch was hydrolysed to glucose using α-amyloglucosidase (EC 3.2.1.3, Boehringer Mannheim Biochemicals, Mannheim, Germany) in 0.32 M citrate buffer, pH 4.2 at 50 °C for 30 min. The glucose content was assessed as described above (Boehringer 1984) . The starch was quantified as glucose equivalents.
Statistical analysis
Pearson's correlation coefficients were calculated to quantify the correlations between the variables. An analysis of variance was performed to determine whether the 'species' was a factor that significantly influenced the mean of the phenological variables (i.e., budburst date, date of growth beginning, date Intra-annual wood formation of three temperate species 1037 of growth end, growth duration and date of earlywoodlatewood transition). The carbohydrate contents were compared between the species and dates using t-tests at the 95% confidence level. The homoscedasticity was examined using a Levene test.
Results
Climatic conditions
The climatic conditions from April to August 2009, corresponding to the growing season, were warmer (+1.2 °C) than the regional 1960-2007 mean, while the rainfall was near the average (−18 mm, Figure 2a) . The monthly mean temperatures in April and August were +2.4 and +2 °C warmer, respectively, than the averages from 1960 to 2007. August was particularly dry, with a monthly precipitation of 16 mm. For the three stands, the SWC constantly decreased from mid-June to midOctober 2009, except for a slight increase in late July (Figure 2b ). The lowest SWC was observed in mid-July for the beech stand and in early October and late August for the oak and pine stands, respectively.
Calendar of leaf phenology and intra-annual growth
The mean budburst date was much earlier for the deciduous species (19 April ± 5 days, mean date ± standard deviation (SD), for beech and 13 April ± 2 days for oak) compared with the needle unfolding of pine (12 May ± 5 days, analysis of variance (ANOVA), F = −60.8, P < 0.001, Figure 3) . The mean date of leaf yellowing was similar for beech (28 October ± 1 days) and oak (28 October ± 14 days). With respect to the radial increment, the beginning of the oak and pine growths (i.e., the first cell in enlargement phase on microcore sections) occurred 14 and 40 days before budburst, respectively. In contrast, the beech growth began 2 days after budburst. The date of growth beginning was significantly earlier for oak (30 March ± 4 days) and pine (2 April ± 3 days) than for beech (21 April ± 8 days, ANOVA, F = 24.4, P < 0.001). The first row of earlywood vessels was quickly completed for all oak trees between 14 April and 21 April. The earlywood-latewood transition occurred significantly earlier for oak (16 May ± 6 days) than for pine (4 June ± 11 days, ANOVA, F = −10.8, P < 0.05). The date of growth end was highly variable between the trees and occurred significantly earlier for oak (24 July ± 8 days) than for beech (12 August ± 14 days) and pine (28 August ± 19 days, ANOVA, F = −6.9, P < 0.01). The growth duration was clearly longer for pine (148 ± 21 days) compared with that of beech (112 ± 17 days) and oak (116 ± 6 days, ANOVA, F = 7.7, P < 0.01).
Dynamics of intra-annual growth
The maximal cumulative radial growth measured using dendrometers was higher than that fitted from the microcore data for all species (Figure 4a-c) . The beginning of the radial increment in three of the five beech trees measured using dendrometers occurred between 1 and 2 weeks earlier than the ring increment measured from the microcores. For oak, the dendrometer data were correctly fitted using the Gompertz function, whereas the microcore measurements were better fitted using a double-sigmoid function because the slow growth in May was only detected using microcoring.
Comparison of microcore fittings showed that the growth slope of oak was highest in April. Consequently, 30% of the total ring width was already developed by the end of April for oak compared with 19 and 1% for pine and beech, respectively. In May, only 13% of the ring width was produced for oak versus 31% for both beech and pine. Among the three species, beech had the steepest slope of ring growth from May to June. The 50% ring development occurred at the same time for the two deciduous species (11 June for beech and 10 June for oak) and at approximately 10 days earlier for pine (31 May). For all species, the maximum ring growth rate occurred earlier than the warmest period, which was in August. The maximum growth rate was not significantly different between the species (33.0 ± 6.0 µm day −1 for beech, 33.4 ± 14.0 µm day −1 for oak and 28.7 ± 8.6 µm day −1 for pine, mean ± SD, ANOVA, F = 0.33, P = 0.72). 
Changes in carbohydrates content during the growing season
The mean NSC content in the rings from 2001 to 2009 (i.e., mean of five trees over three dates) was significantly higher for oak (7.8 ± 1.6% dm) compared with beech (2.0 ± 0.4% dm, t-test, t = 7.9, P < 0.001) and pine (1.0 ± 0.4% dm, t = 9.5, P < 0.001). The starch content in the oak rings was 5 and 16 times higher than that of the beech and pine, respectively. For beech, the changes in NSC content during the growing season were not significant at the 95% confidence level, but the sugar content was significantly reduced between April and June (t = −2.4, P < 0.05) and increased between June and August (t = 2.6, P < 0.05, Figure 4d ). On the contrary, oak showed significant differences in NSC content among the three dates, with a significant decrease in starch content between April and June (t = −2.4, P < 0.05) and a significant increase of sugar content between April and August (t = 3.7, P < 0.01, Figure 4e ). For pine, no significant difference in the NSC content was observed among the three dates. However, between April and June, the starch content was significantly decreased (t = −3.8, P < 0.01), whereas the sugar content was increased (t = 3.6, P < 0.01). Moreover, the starch content significantly increased between June and August (t = 3.1, P < 0.05).
Duration versus growth rate
The linear relationship between the date of growth end and ring width was positive and highly significant (r = 0.924, P < 0.001, Figure 5a ), whereas the date of growth beginning was not significantly correlated with the ring width (r = 0.195, P > 0.10). The growth duration was a better indicator of ring width (r = 0.933, P < 0.001, data not shown) than r max (r = 0.076, P > 0.10, Figure 5b ). The linear relationship between r max and the date of growth end was not significant (r = 0.072, P > 0.10, Figure 5c ).
Discussion
Leaf phenology, carbohydrates and intra-annual growth
Despite similar climatic variations and close edaphic conditions, the leaf phenology, carbohydrate storage and intraannual growth were different among the three species, which highlighted their contrasting carbon allocation. Our results indicated that the beech radial growth was mainly dependent on leaf photosynthesis. The radial growth of beech, a diffuseporous species, began just after budburst, which is consistent with many studies showing beech cambial reactivation at 0-10 days after budburst (e.g., Lachaud and Bonnemain 1981 , Suzuki et al. 1996 , Barbaroux and Bréda 2002 al. 2008) . When the leaves were not developed in April, beech showed the slowest growth rate compared with the other species. The NSC content did not decrease between the budburst and maximal growth rate of the beech, although the sugar content was slightly decreased, consistent with Barbaroux and Bréda (2002) and Hoch et al. (2003) . This result could suggest that the stem NSC are not used for the radial growth of beech, provided no NSC was stored in the stems during this period. The beech growth rate was considerably increased in May and June, exceeding that of the other species. In contrast to the results of Deslauriers et al. (2009) for Populus, a diffuse-porous species, the maximal values for the sugar content were not synchronized with the maximum growth rate of beech. The fast maturation of beech leaves from May (i.e., in 10 days for leaf area and 2-3 weeks for leaf mass area, see Eglin et al. 2009 ) likely promotes fast ring formation. Our finding that the beech maximum growth rate occurred in June, which is the month when the leaves reach their maximum leaf mass area and photosynthetic rate (see Eglin et al. 2009 ), supported the assumption that beech growth is highly dependent on leaf phenology.
For oak, a ring porous species, growth began 2 weeks before budburst, which is consistent with results of Bréda and Granier (1996) , Zweifel et al. (2006) and Sass-Klaassen et al. (2011) . The early growth prior to leaf budburst is associated with the winter embolism of large xylem vessels, which requires that the restoration of the water flow pathway occurs each spring before the onset of transpiration (Essiamah and Eschrich 1986) . Moreover, we found that the first row of oak earlywood vessels was constructed rapidly in approximately 2-3 weeks. The observed rapid enlargement of oak earlywood might occur through the division of undifferentiated vessel elements formed at the end of the previous vegetation period that overwintered in the cambium (Zasada and Zahner 1969 , Frankenstein et al. 2005 , Fonti et al. 2007 ). The beginning of the radial increment prior to photoassimilate synthesis and the high growth rate during earlywood formation could explain the high starch decrease between April and June. This carbon pool was stored during the previous years and was probably used for the earlywood growth of oak. This reserve use for oak growth could also explain the seasonal pattern of intra-ring carbon isotopic composition during earlywood formation (Helle and Schleser 2004 , Eglin et al. 2010 .
For pine, the growth beginning occurred largely before the needles unfolding. These results indicated that cambial reactivation occurred before the current needle elongation, as observed by Rossi et al. (2009) for three coniferous species in the eastern Italian Alps. From April to June, starch was probably hydrolysed in the sugars because the starch content decreased, but the sugar content increased in parallel. Thus, the NSC content did not significantly decrease during this season, suggesting that old carbon reserves were not mobilized for radial increment. Our findings supported the recent conclusions of Eilmann et al. (2010) , which suggested that an immediate and direct transfer of newly synthesized assimilates is required for pine radial growth in the Alpine valley. The photosynthetic capacity of the needles in previous years, even in the winter (Guehl 1985) , could promote the beginning of radial growth in early spring. The decrease in pine growth rate early in the growing season could result from an adaptation to complete cell wall formation and lignification before winter, as shown by Rossi et al. (2006c) , or from a high below-ground demand for carbohydrates to ensure resource acquisition during the decrease of SWC in the summer (Oberhuber and Gruber 2010) . For pine, the growth duration was longer than for the deciduous species, but the growth rate was low during the last month of the growing season. The scarce studies on the Scots pine growing under temperate climatic conditions in lowland forests showed similar growth durations. Wodzicki (1971) found that pine growth lasted from mid-April to mid-September in Poland, and Rathgeber et al. (2011a) showed a mean pine growth duration of 162 days in the forests of Northeast France, a result similar to those obtained in our study (148 days) . This growth duration lasted until late August only for the pine, which could explain our recent observations of influences of late summer climatic conditions on inter-annual growth from 1960 to 2007 (Michelot 2011 , Michelot et al. 2012 . For the studied species, an additional study of trees growing on the same stand would be necessary to ensure that no external factors influenced the between-species differences in intra-annual growth.
In addition to contrasting carbon allocations, other biotic factors could result in growth differences between the stands, such as slight differences in stand basal area, tree DBH, edaphic conditions and tree age. Concerning tree age, Rossi et al. (2008) showed that growth duration was shortened by 2-3 weeks, and the wood production was lower for the old coniferous trees (200-300 years) compared with the young coniferous trees (50-80 years old) of the same species. In our study, the maximal growth rate of pine could thus be lower if pines had the same age as the deciduous species. This change will be in agreement with the idea that earlysuccessional species present a lower rate of production than late-successional species because they are less efficient at converting environmental resources into growth (see Cuny et al. 2012) . However, in our study, the age effect was lower than that in the study of Rossi et al. (2008) because our tree selection considered the age maturity differences among species and the maximal age difference between stands was <100 years.
Dendrometry and microcoring methodologies
Although dendrometers recorded the growth of all tissues (bark, phloem and xylem), we hypothesized that the patterns Intra-annual wood formation of three temperate species 1041 of intra-annual growth were similar between dendrometry and microcoring, which is consistent with previous studies comparing dendrometry and microcoring methodologies (Deslauriers et al. 2003b , Zweifel et al. 2006 , Makinen et al. 2008 , Linares et al. 2009 , Camarero et al. 2010 ). However, our results for oak highlighted different patterns between the two methodologies. The radial increment derived from the dendrometers was fitted using the Gompertz function, whereas the growth measured from microcoring was predicted using a double-sigmoid function. Thus, the bimodal wood growth, corresponding to the earlywood and latewood increment phases, was not observable from the dendrometer data. According to the results of Gricar (2010) in a temperate forest, the annual phloem increment of oak is not negligible and could represent ~20% of the xylem increment. Moreover, the dendrometers on some beech trees recorded stem expansion 1-2 weeks earlier than those obtained from the microcore data. This difference could be due to stem rehydration in the early spring, which could mislead the interpretation of the beginning of radial growth using only dendrometer readings (see Deslauriers et al. 2003b ). In contrast to Makinen et al. (2008) , this time lag in the data obtained from the dendrometer and microcore measurements was not observed in pine, as indicated in the studies of Oberhuber and Gruber (2010) and Zweifel et al. (2006) conducted in the Alpine valley.
Influence of growth duration on ring width
For all species, the date of growth end highly influenced the total ring width of each tree in contrast to the growth beginning or growth rate. We did not expect this result according to the recent studies. In the boreal forest, Lupi et al. (2010) observed a significant influence of the date of xylogenesis beginning on the total number of cells in the total ring (which is strongly correlated with the total ring width) for Picea mariana from 2006 to 2009. For several coniferous species in a mild continental temperate climate, Rathgeber et al. (2011b) and Cuny et al. (2012) showed that 75% of the tree-ring width variability was attributable to the rate of cell production and that only 25% was attributable to its duration. In our oceanic-attenuated climate, we assume that summer SWC causes the variability in the growth ending and total ring width among different tree species. The trees most sensitive to summer SWC could have the earliest growth ending. This hypothesis could be reinforced by the recent results of Eilmann et al. (2011) , who showed that the nonirrigated Scots pine had a noticeably shorter period of wood formation and a significantly lower increment compared with irrigated trees. The tree growth observed in our study could be particularly sensitive to SWC variations because of the low stand AWC, which strongly modulates ring characteristics and climate-growth relationships, as demonstrated by Lebourgeois et al. (2005) on French beech plots. The measurement and comparison of tree water status could help in confirming this hypothesis.
Conclusions
Timing, duration and rate of radial growth were contrasted between different tree species, and the associations with leaf phenology and NSC highlighted differences in carbon allocation. We concluded that the beech radial growth was highly dependent on leaf photosynthesis because of their growth beginning after budburst, maximal growth rate when the leaves became mature and low change of NSC content during the growing season. For oak, we noted that the high starch decrease in the stem from April to June was probably due to a strong carbon demand for a quick constitution of earlywood in addition to growth beginning before budburst. For pine, the cambial reactivation began largely before the needles unfolding, and no decrease in NSC content was observed during the growing season. These results suggest that the needles from the previous year directly provided substrates for current radial growth. In contrast to previous studies of coniferous species, microcoring recorded different patterns of intra-annual growth for oak than dendrometry, with two phases corresponding to earlywood and latewood growth. Finally, the ring width was largely influenced by growth duration, particularly by the growth end date, which contrasts with the results observed under other climate types. It is necessary to validate the observed inter-species differences over several years to anticipate species growth in response to future climate change.
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